Background: Human leptospirosis is currently one of the most widespread bacterial zoonoses and is the only epidemic-prone infection that can be transmitted directly from contaminated water.
Background
Human leptospirosis is a waterborne disease caused by spirochetes of the genus Leptospira. Currently, it is considered the most common widespread bacterial zoonosis and a growing worldwide public health problem (Adler & de la Peña Monctezuma 2010; Levett 2001) . Leptospirosis is a disease with a very complex ecology involving the bacteria, the animal reservoirs, humans and their surrounding environment. Pathogenic leptospires are transmitted to humans by direct or indirect contact with infected urine, blood or tissue of carrier animals or urine-contaminated water, soil or food (Bharti et al. 2003; World Health Organization 2003; Caribbean Epidemiology Center 1999) . The sources of contamination are commonly rats, but domestic or wild animals also can be carriers of the pathogenic bacteria (Lau et al. 2010a) . Leptospirosis is considered the only epidemic-prone infection that can be transmitted to humans directly from contaminated water, damp soil, crop vegetation or mud, through cuts, abrasions, mucous membranes or wet skin (Levett 2001; Watson et al. 2007 ). In the humid tropics and subtropics, where the disease has a high impact, climatic and environmental factors such as rainfall, floods, land cover and land cover change have been related to the occurrence of leptospirosis (Bharti et al. 2003; World Health Organization 2003; Lau et al. 2010b ). Initially, leptospirosis symptoms can be similar to those caused by flu but, as the disease progresses, internal organs can be compromised causing severe hemorrhages (e.g.Weil's disease), organ failure and, potentially, death .
Outbreaks have been reported from many regions around the world, including: Italy, 1994, (Beniamino et al. 1987) Nicaragua, 1995 (Zaki & Shieh 1996 , Brazil, 1996 (Barcellos & Sabroza 2001 , Russian Federation, 1997 (Kalashnikov et al. 2003) , Honduras, 1998 (Naranjo et al. 2008 , India, 1997 (Vijayachari et al. 2003 Sehgal et al. 2002; Jena et al. 2004) , Australia, 1999 (Smythe et al. 2002 ) Hawaii, 2004 (Gaynor et al. 2007 , Guyana, 2005 (Dechet et al. 2012 , the U.S., 2005 (Stern et al. 2010 ) and the Philippines, 2009 (Amilasan et al. 2009 ). Besides being associated to floods following heavy rains during the rainy season, or floods which occur in areas affected by either tropical cyclones or land use/ land cover changes Mahajan & Chlabra 2008) , outbreaks have been reported after occupational or recreational activities related to water such as fishing, farming, canoeing, fresh water swimming or bathing (Keith 1996; Sanders et al. 1999; Sejvar et al. 2003; Segura et al. 2005; Vanasco et al. 2008) . Leptospirosis affects rural and urban areas (including slum settlements) irrespectively, and avoiding exposure to the disease can be difficult for populations living nearby environmental sources of contamination, particularly those which are frequently affected by heavy rainfall and floods (Maciel et al. 2008) .
Incidence rates range from 0.1 -1 per 100,000 population per year in temperate zones and as high as 10-100 per 100,000 population per year or more in the tropics (World Health Organization 2003) . Even though it is distributed worldwide, human leptospirosis is considered a neglected disease (Michel et al. 2002; World Health Organization 2011) . Often, the lack of awareness about the scope of this public health threat among populations at risk leads to underreporting and misdiagnosis of cases (World Health Organization 2003) . Viral hepatitis, influenza, malaria and, in particular, dengue are the conditions with which leptospirosis is more frequently misdiagnosed. Furthermore, in less developed countries, it is poorly recognized and laboratory diagnosis is less likely to happen due to a lack of appropriate testing equipment or the difficulty in processing samples to completion (Adler & de la Peña Monctezuma 2010; Lau et al. 2010a ).
In the Caribbean, human leptospirosis is endemic and a disease under surveillance. Between 1980 and 2005 a total of 12,475 cases of were reported from all Caribbean countries, with 2,370 (19%) of these corresponding to Trinidad & Tobago. In the last few years, Jamaica and Guyana have been the countries reporting the majority of cases throughout the region (Caribbean Epidemiology Center 2009; Caribbean Epidemiology Center 2010; Caribbean Epidemiology Center 2011). In Trinidad & Tobago, the average annual incidence rate reported is 1.84 per 100,000 population (Mohan et al. 2009 ). In this country the disease is considered underreported and awareness regarding its existence among the population is limited. Consequently, the public health importance attached to this zoonosis is low, particularly when compared to other conditions such dengue or dengue hemorrhagic fever (Mohan et al. 2009 ).
With a projected increase in the frequency of natural hazards related to severe weather, such as floods resulting from intense precipitation (De et al. 2005; Min et al. 2011) , combined with increasing anthropogenic changes to the environment such as urbanization or the establishment of informal settlements, it is likely that new suitable environments for leptospirosis propagation will be opened , increasing the risk for people to contract the disease. Small island developing states such as Trinidad & Tobago can be at particular risk: their small size, vulnerable ecosystems, limited natural and financial resources and inadequate infrastructure make these countries susceptible to the effects of natural disasters (Lau et al. 2010b ) and, as a result, potentially suitable environments for leptospirosis transmission and propagation.
Much remains to be understood about the role of environmental factors (hydrological in particular) on leptospirosis dynamics and how these can vary from one location to another. There is a clear need for multidisciplinary studies to help to understand the complex ecology and epidemiology of this disease, as well as the different mechanisms of non-biomedical factors influencing its occurrence (World Health Organization 2003; Lau et al. 2010b; Wilcox & Colwell 2005) . In the last few decades, GIS analysis and spatial statistics have been more frequently used for the development of ecological analyses of diseases. This has allowed the introduction of new approaches towards more suitable ways to explore disease spatial patterns as well as the intricate dynamics of disease determinants (Waller & Gotway 2004; Lau et al. 2012) . In this paper, GIS analysis and Geographically Weighted Poisson Regression (GWPR) (Nakaya et al. 2005) were used for the development of ecological models to explore and analyze spatial variations in relationships between local hydrological factors and leptospirosis occurrence. Following previous research which has linked leptospirosis with hydrological events such as floods and heavy rainfall e.g. (Lau et al. 2010b; Barcellos & Sabroza 2001; Gaynor et al. 2007; Dechet et al. 2012; Amilasan et al. 2009 ), we present a multidisciplinary approach towards the quantitative analysis, assessment, modeling and mapping of the risk of leptospirosis in Trinidad at the community level, as it relates to hydrological factors. We explored the existence of spatial variation in human leptospirosis patterns and the existence of spatial heterogeneity in its relationship with local hydrological factors. Thus, we tested the hypothesis that spatial heterogeneity exists in these relationships.
Methods

Study site
This study was developed in the island of Trinidad, the larger of the two main islands comprising the Republic of Trinidad & Tobago (Figure 1 ). The country, an archipelago located in the south of the Caribbean region, is a geological extension of South America and comprises an area of 5,128 km 2 . Trinidad's nearest neighbor is Venezuela, 11 km away from the North West coast. The area of Trinidad is 4,828 km 2 , approximately 94% of the total area of the country. The north of the island is crossed west to east by a chain of mountains with their highest peak at 940 m above sea level, mostly covered by rainforest. In the central region, the terrain changes into plains and in the south into hillsides. The climate in Trinidad is considered as tropical marine with an average temperature of 31°C during the day. There are two characteristic seasons throughout the year: dry, during January to May and wet, from June to December, as illustrated by the mean monthly rainfall in Trinidad shown in Figure 2a . Trinidad is divided into 519 communities within 14 regional corporations and municipalities. In the 2000 census the island population was calculated as 1,208,282; in the 2011 census it was 1,267,145 (CSO 2012).
Leptospirosis dataset
Data of leptospirosis cases used in this study were obtained with the permission of the Trinidad & Tobago Ministry of Health (MoH), under condition to keep private all personal information contained in the files. All data were retrieved from the National Surveillance Unit (NSU) of the MoH. Two types of leptospirosis data cases are collected by the health authorities in Trinidad: (i) reported cases, which have been clinically diagnosed as being suspicious of leptospirosis; and (ii) confirmed cases which have been confirmed by laboratory testing. In the NSU archives, 1,545 reported cases were found between 2001 and 2008, and 250 confirmed leptospirosis cases from 1998 to 2008. In this paper, only confirmed cases (CC) were used for models development. From these data, annual incidence of leptospirosis (cases per 100,000 population) was calculated ( Figure 2b ) as well as the mean and standard deviation of monthly leptospirosis incidence ( Figure 2c) . The relationship between monthly rainfall and incidence is shown in Figure 2d .
All CC records were digitized to a database and aggregated by community. The geographical location reported for each leptospirosis case (patient address and community) was verified within a GIS, using roads and communities vector data of the island. The community code number assigned to each community in the 2000 Trinidad Census was used to identify each community throughout the analysis. Community spatial centroids were used as the geographical coordinates for the models setup. All leptospirosis data from 1998 to 2008, aggregated by community, were mapped by absolute case number, as presented in Figure 3a . In order to compare leptospirosis incidence rates among communities, a standardized incidence ratio (SIR) (Jarup et al. 2002) in each community (i) was calculated by using:
where the expected number of leptospirosis cases (E) by community (i) was calculated by:
Here, P i refers to the population of each of n total communities, obtained from the Trinidad census of 2000. The expected number of cases (E i ) was used to generate a kernel map and further Geographically Weighted Poisson Regression (GWPR) models.
Kernel mapping
We used kernel mapping (a special case of GWPR consisting of only a local intercept term without any explanatory variables) to investigate spatial patterns of observed vs. expected leptospirosis cases across the communities (Nakaya et al. 2005) . This was necessary since underlying patterns of leptospirosis were not well defined at the community level due to the tendency of the number of cases to be small in some communities. Kernel mapping was used as an analogy to the geographical aggregation of data, a straightforward way to obtain statistically more reliable estimates of regional parameters (Nakaya et al. 2005) . We obtained estimates of local leptospirosis weights using
whereβ 0 is the predicted intercept parameter at geographical location, u i (a vector of x,y map co-ordinates, u xi , u yi ), for community i, w ij are the geographical weights for the each j predicted locations. Following Equation 3, local estimates of disease ratio were transformed into geographically weighted disease ratios. These ratios correspond to the ratio of the kernel density of observed leptospirosis CC to the kernel density of expected cases (Nakaya et al. 2005) , and were used as a means to identify areas where leptospirosis cases were generally higher or lower than expected.
Hydrological covariates development
Although previous studies have extensively reported the association of leptospirosis with heavy rainfall and consequent floods (Lau et al. 2010b; Barcellos & Sabroza 2001; Gaynor et al. 2007; Dechet et al. 2012; Vanasco et al. 2008; Mohan et al. 2009 ), in this study we focused the analysis on not only rainfall but also other hydrological factors that might play an important role in the disease occurrence. For this, a total of five hydrologically-related covariates were developed to be tested within GWPR models. For covariates selection, three main characteristics were taken into account: (i) capacity for development in GIS from data which are readily available and so easily replicated in other study locations; (ii) spatial variability (allowing mapping and spatial analysis); and (iii) representation of basin or watershed hydrological characteristics which have a clear potential to influence leptospirosis. Specifically, each selected covariate is an indicator of, or would influence, the general wetness of areas, thereby being a potential leptospirosis risk factor. For each community, average values of each covariate were calculated for comparison with leptospirosis data by community. The five covariates developed are described below. Specific data sources and processing methods used are provided in Table 1 .
Mean annual rainfall (RAINMEAN)
In the tropics, as mentioned previously, leptospirosis has been strongly related to rainfall, including in a previous study for Trinidad (Mohan et al. 2009 ). Once severe rain or floods have occurred, the risk of leptospirosis increases since water brings into closer contact animal hosts, the bacteria and humans (Lau et al. 2010b) . As one on the main hydrological factors associated with leptospirosis, rainfall was considered an important component for the GWPR model analysis. However, rather than only using a seasonal but spatially aggregated (global analysis) approach, in this study rainfall was combined with other hydrological factors as a way to explore the spatial nonstationarity of their relationships with leptospirosis at the community level. Although rainfall has been strongly associated with leptospirosis, high rainfall may not necessarily lead to an increase in leptospirosis risk, since other local factors may reduce or increase the risk, such as good or poor soil drainage, respectively. To develop the rainfall covariate, isohyetal maps of average annual rainfall across Trinidad were used. Relevant information related to the data source and processing methods used is presented in Table 1 , and a map of mean annual total rainfall for each community is presented in Figure 4a .
Soils drainage characteristics (SOILFREE and SOILIMPD)
Composition of the soils and their drainage characteristics may be important factors which influence leptospirosis incidence. Previous studies have found association between pathogenic leptospirosis and soils with high moisture and organic matter content (Mohan et al. 2009; Henry & Johnson 1978) . Recently, it has been demonstrated that on dry days leptospires survive in wet soils and then, on rainy days, they emerge into surface water (Saito et al. 2013) . Based on this, soils may be considered to be a likely reservoir of leptospires in the environment and a relevant factor in the disease transmission. In addition, soil drainage can influence the likelihood of surface water ponding after rainfall. In this study, soil drainage data in Trinidad were analyzed (Table 1) . Maps presenting percentage area of soil with free drainage (SOILFREE) and percentage area of soil with imperfect/impeded drainage (SOILIMPD) for each community are shown in Figure 4b and c respectively.
Average river density (RIVRDENS)
Pathogenic leptospires have been found to be associated to water bodies such as streams, lakes or springs (Henry & Johnson 1978) and it may be possible that areas with a high density of these features can be at higher risk of leptospirosis occurrence. In addition, high river density may indicate areas that are relatively wet thereby, areas at potential risk. Table 1 summarizes data and methods used to calculate river density in Trinidad for each community. Average river density for each community in Trinidad is presented in Figure 4d .
Topographic wetness index (WETINDEX), In (α/tan S 0 )
Rain and floods are considered two factors of risk for leptospirosis (Lau et al. 2010b; Barcellos & Sabroza 2001; Vanasco et al. 2008) . Therefore, the capability of an area to be flooded may be also a risk factor for the disease transmission. The topographic wetness index (TWI) identifies areas of increased likelihood of soil saturation, meaning areas more likely to be flooded. The TWI, developed by Beven and Kirkby to characterize the catchment contributing area for the hydrological rainfall-runoff model TOPMODEL (Beven & Kirby 1979) , was used here to represent the likelihood of community Isohyetal maps of mean annual rainfall in Trinidad from 1961 -1990 , 1991 .
1. Isohyetal maps georectified and digitized to produce vector lines of equal mean annual rainfall.
2. Vector lines were interpolated onto a raster grid using a natural neighbor method and the statistical mean across years was then calculated using a weighted average.
3. Mean annual total rainfall for each community was then extracted (Figure 4a ).
SOILFREE, SOILIMPD Proportion of soil with free (SOILFREE) or imperfect/impeded (SOILIMPD) drainage in each community (% area)
Trinidad 1:25,000 soils vector polygon map and the land capability survey of Trinidad & Tobago (Brown & Bally 1970a; Brown & Bally 1970b. 1. Codes of dominant soils in the island were extracted from the soils map and, from these, soil and drainage type were identified (free draining, imperfect/impeded drainage).
2. Soils data were then intersected with communities and the percentage area coverage of free-drainage ( Figure 4b ) and imperfect/ impeded-drainage ( Figure 4c ) soils for each community was calculated.
RIVRDENS
Average river density by community (m/ha) 1:25,000 vector line data of rivers in Trinidad.
1. Using vector overlay, river vectors were split at the community borders and assigned community codes.
2. The vector length of each river segment was calculated and the total length of the segments was summarized by community.
3. Finally, the river drainage density for each community (average river length per hectare) was calculated by dividing the total river length in each community by the community area ( Figure 4d ).
WETINDEX
Average wetness index by community, In (α/tan S 0 )
Raster Digital Elevation Model (DEM) derived from photogrammetry and processed to remove topographic "sinks".
1. Upslope flow accumulation (α) and local topographic slope (S 0 ) in degrees were calculated in GIS.
2. Wetness index was then derived for each pixel using a map algebra calculation of In (α/tan S 0 ).
3. The average topographic wetness index for each community was then extracted (Figure 4e ).
wetness. TWI is explored in detail by Cummingham et al. (Cummingham et al. 1970 ). The topographic wetness index was calculated using:
where, α is the upslope flow accumulation and S 0 is the local topographic slope in degrees. A high wetness index exists where there is a combination of low slope and high flow accumulation (Beven & Kirby 1979; Quinn et al. 1995) , thus areas at greater likelihood for wetness are indicated. Methods used to obtain the parameters described above and, to calculate the topographic wetness index are explained in Table 1 . The average topographic wetness index for each community calculated is presented in Figure 4e .
Global Poisson Regression (GPR) and Geographically Weighted Poisson Regression (GWPR)
In order to examine the spatial variation in the relationships between local hydrological factors and leptospirosis across the communities of Trinidad, non-parametric global Poisson regression (GPR) and Geographically Weighted Poisson Regression (GWPR) models were developed. GWPR methodology was adopted in accordance with the characteristic of the leptospirosis data which, due to the low numbers included in the observed counts, were expected to follow a Poisson distribution (Lovett & Flowerdew 1989 ).
Prior to running GPR and GWPR models, a test for multicollinearity among covariates was developed using matrix condition numbers, within the spatial statistics toolbox of ArcGIS. Multicollinearity is a situation where two or more explanatory covariates are highly related linearly, and can lead to unreliable model estimates. The condition test assesses multicollinearity for all predictor variables together and assigns values to each location. Values above 30 are usually taken to indicate problems with the data.
For the development of the GPR and GWPR models, observed counts of leptospirosis confirmed cases were used as the dependent (outcome) covariate, with expected cases (E i ) used as the offset variable. For independent (explanatory) covariates, average annual rainfall (RAINMEAN), the percentage coverage of free-draining soil (SOILFREE), the percentage coverage of imperfect/ impeded drainage soil (SOILIMPD), community river density (RIVRDENS) and the topographic wetness index (WETINDEX) were used, the development of each of which is explained previously.
Counts of leptospirosis CC were related to the calculated expected number of cases (offset covariate) and to the set of hydrological covariates developed for the model, and explained above. The global Poisson regression model was calibrated using Table 1 for data sources and processing methods.
where β 0 refers to the model intercept and β k refers to the parameters of k explanatory variables, x k in locations i. For Geographically Weighted Poisson Regression, parameters were allowed to vary in according to geographical location, u i , describing location i:
To calibrate the GWPR models, kernel regression methodology was used. Smoothed geographical variations of parameters with spatial weighting kernels (centered in u i ) were estimated and the parameter estimates calibrated in a point-wise way. To estimate GWPR parameters, the geographically weighted local likelihood principle was used (Lovett & Flowerdew 1989) . The key difference between GWR and a standard kernel regression model (SKRM) is that in GWR the kernel is in geographical space and the regression model is in predictorvariable space, while in SKRM both the regression model and the kernel are defined in predictor-variable space. GWPR software provides four different kernel types for the model calibration (fixed with a Gaussian weighting function, fixed bi-square, adaptive Gaussian and adaptive bi-square). In the fixed kernel, the optimal distance away from the regression point will be found; for adaptive, the optimal number of neighbors for use in the regression will be found. To avoid large standard errors and bias in local parameter estimates (due to either few data points in a short distance or a large number of points with a long distance to the regression point i) an optimal size of bandwidth is necessary (Cheng et al. 2011) . In this study, the Akaike Information Criterion with a correction for finite sample sizes (AICc) (Fotheringham et al. 2002) was used as indicator to analyze the performance or goodness of fit of the models and the performance of the bandwidth, where the model with the minimum AICc value was selected as having the optimum bandwidth. The AICc together with a fixed Gaussian kernel type and golden selection bandwidth were the GWPR indicators used to complete model calibration. Full details of both the GPW and GWPR methods used are provided by Nakaya et al. (Nakaya et al. 2005) .
All hydrological independent covariates were standardized to have a mean of zero and standard deviation of 1, allowing parameter estimates to be directly comparable. Both GPR and GWPR were calibrating using GWR 4.0 Software. After model calibration, the pseudo t statistic was calculated and used to assess local significance of parameter. The pseudo t statistic was calculated using:
Where Se refers to the local standard error of the kth parameter estimate, taking in account the variation in the data (Cheng et al. 2011 ). Pseudo t-values follow approximately a standard normal distribution if the true regression parameter is zero and mapping them is useful for identifying spatial variations in relationships between explanatory covariates and the outcome covariate.
To compare between models, the AICc was used. Generally, the model with the lowest value of AICc should be selected as the optimum model, but a difference of smaller than 2 suggest that there is little difference in the performance of the two models.
Results and discussion
Distribution of leptospirosis in Trinidad
The average annual incidence of leptospirosis between 1998 and 2008 calculated in this study was 1.78 per 100,000 population, slightly lower than the figure of 1.84 per thousand population calculated by Mohan et al. (Mohan et al. 2009 ). The reason for this reduction is probably related to the difference in the data time frame used in the studies: Mohan et al. (Mohan et al. 2009 ) analyzed data from 1996 to 2007, and here we analyzed data from 1998 to 2008. The annual incidence calculated in this study (Figure 2b ) ranged from 0.69 in 2008 to 3.03 in 1998. However, the value for 2008 may be artificially low due to incomplete data for that year. With regard to seasonality, when comparing Figure 2a and c it is clear that a higher number of cases occurred during the wet season, although only a weak positive correlation between monthly rainfall and incidence was found (r 2 = 0.47, significant at the 95% confidence level) (Figure 2d) . A likely cause of this weak relationship is the influence of other factors in leptospirosis occurrence.
When data were disaggregated to the community level, the community with highest number of observed CC found was Sangre Grande, the location of which is indicated on Figure 3a . Following Equation (1), the Standardized Incidence Ratio for each community (SIR i ) was calculated and is mapped in Figure 3b . While there appears to be a general trend for higher numbers of leptospirosis cases in the north-east, the overall geographical pattern is not clear. As indicated above, this is likely to be because of the low numbers of cases in many communities. The kernel map in Figure 3c shows a smoothed geographical distribution of leptospirosis cases and facilitates the visualization of patterns across the communities. Low rates (below 1) are mostly seen in the south-west of the island; high rates (above 1) occur in the north-east and indicate areas where leptospirosis occurrence is higher than the average expected value given the community population size. The kernel map therefore allows us to infer that leptospirosis may present a geographically variable pattern with the highest incidence around the rural area of the Regional Corparation of Sangre Grande, including the communities Guaico, Valencia, Oropuche, Cumuto, Turure, Wallerfield and Arima. Further, the high pseudo t-values (|t| > 1.96) plotted as contour lines on Figure 3c indicate that this pattern may be statistically significant, particularly in the north-east.
GPR and GWPR model results
Prior to the development of GPR and GWPR models, multicollinearity was assessed for all covariates. The condition numbers provided by the test results ranged from 19.25 in the central north communities to 27.88 in the far southwest ones. As all condition numbers were less than 30, these results indicate that multicollinearity was not a problem among the covariates.
Following this test, a GPR model was developed using Equation (5) and calibrated as follows:
where predicted leptospirosis cases (Ô i ) were related to the offset covariate (E i ), expected cases of leptospirosis for each community and the five hydrological covariates developed. The full parameter estimates and corresponding t-values which indicate parameter significance are shown in Table 2 . From all the covariates, two parameter estimates displayed statistical significance (|t| > 1.96 at the 95% confidence level) in the GPR model: rainfall (RAINMEAN, t = 5.8) and the topographic wetness index (WETINDEX, t = 6.2). In both of these covariates, a positive relationship with leptospirosis was found, indicating that as rainfall increases, leptospirosis occurrence also increases. Similarly, as the topographic wetness index increases in a community, so the occurrence of leptospirosis also increases. The three remaining covariates showed weak relationships which were not statistically significant. However, these are general global relationships for Trinidad which may mask any underlying locally variable relationships. While global regression models are important for the study of disease (Best et al. 2000) , the assumption that the relationship between the disease and explanatory covariates does not vary spatially may not always be valid and a global model may hide local relationships. In such cases, it is important to consider the underlying spatial variability in order to avoid bias in the model outcomes. In order to explore spatial variability between explanatory hydrological covariates and their influence on leptospirosis, a GWPR model was initially developed using all five hydrological covariates. This showed an improvement over the GPR model as indicated by the AICc and percentage deviance explained. When comparing the value of the AICc, the local model showed an improvement of~200 (GWPR: 395.77 compared to 595.52); the percentage deviance explained also showed improvement from 0.16 for the GPR model to 0.45 for the GWPR model (Table 3 ). In practice, if the difference between AICc values of two models is less or equal to two, there is no significant difference in the performance of them (Cheng et al. 2011) . These values indicate that the GWPR model explains better the relationship between hydrological factors and leptospirosis by allowing these relationships to vary spatially. However, despite these improved measures, the results of the model calibration indicated the possible existence of inadequate inflation of the variance in the predictions, reducing the overall confidence in the GWPR model using all the covariates.
Next, a series of additional GWPR models were developed, in which all possible combinations of the five total hydrological covariates were used to explore the behavior of covariates on model performance (30 models in total, each with between 1 and 4 covariates). The model with the smallest AICc value (392.46) (Table 3 , model 3), was selected as the model that better fitted the observed data. For model selection we followed the criteria of the minimum AIC estimator (MAICE) (i.e., the model with optimal bandwidth) where the model with the smallest AIC is selected (Nakaya et al. 2005; Jarup et al. 2002) . The model selected included rainfall, topographic wetness index and the percentage of imperfect/ impeded soil and had an AICc value around 3 lower than the full GWPR model, indicating that there may be a substantive difference in the performance of the two models. In addition, the optimal bandwidth decreased from 42.8 to 33.1 km. As bandwidth increases, a GWPR model is likely to tend towards the GPR model due to increased smoothing of weights given to data points. In addition, estimates may become biased due to the increasing distances of data from the regression point (Fotheringham et al. 2002) . Conversely, for smaller bandwidths, parameter estimates will depend increasingly on observations in proximity to the regression point i, and their variance will increase . This decrease in bandwidth, combined with an improved value for AICc, indicates a further divergence from the GPR model to one in which spatially variable relationships are important. In model 3 (Table 3) , two parameter estimates showed a negative value in the difference of criterion, indicating spatial variability: SOILIMPD (−0.247) and RAINMEAN (−0.053). In order to map the parameter estimates we calculated the standard odds ratio which showed the sensitivity of leptospirosis cases to a change of one standard deviation in each covariate as:
where SD(x k ) is the standard deviation of the kth variable (in this case the covariates were standardized with mean zero and standard deviation 1). The patterns of the odds ratio calculated for each of the three parameter estimates are shown in Figure 5 together with pseudo t-values plotted as contour lines. In Figure 5a , the odds ratio for rainfall (RAINMEAN) are all greater than 1.0, indicating that as the amount of rainfall in a community increases, leptospirosis cases also tend to increase. At the local level, all the pseudo t-values shown in this map were high, suggesting that the relationship between leptospirosis and rainfall is strong, particularly in the north-west region.
In Figure 5b the majority of the odds ratios for soil with imperfect/impeded drainage are less than one, indicating that as the proportion of soil with imperfect/ impeded drainage increases, leptospirosis decreases, particularly in the south. Although this is counter-intuitive, the relationship as indicated by the pseudo t-values is very weak. As will be explored in further detail below, this may be due the influence of other covariates on the parameter estimates of soil with imperfect/impeded drainage.
In Figure 5c the odds ratio of the topographic wetness index are shown. As with the rainfall, all values of the odds ratios are above one, indicating that as wetness index increases, so does leptospirosis. Conversely to rainfall, however, the strongest relationship is in the south. Although the reasons for this trend are not clear, since rainfall tends to be lower in the south and west (Figure 4a ), a possible explanation may be that the topographic wetness index is proportionally more important in these locations since it indicates the accumulation of water which is necessary for leptospires to survive in the environment. The pseudo t-values showed a strong relationship for all communities. with a high number of cases such as Sangre Grande and neighboring areas were predicted accurately, as indicated by residual values close to zero. Predictions of leptospirosis were also made for communities which did not present confirmed cases in the data used for the analysis and, as would be expected, these communities were overpredicted. It is important to note that a lack of observations does not necessarily mean that there is no risk of leptospirosis. Rather, a lack of observations may be a result of underreporting or misdiagnosis of the disease, an issue described previously or simply that the length of the timeperiod under analysis is insufficient for all communities to have reported cases. Although more research is required, this suggests that models such as these may be useful tools to identify communities which may be at risk due to their environmental conditions, but which have yet to report cases. Further analyses were developed to explore in more detail the underlying relationships between hydrological covariates and leptospirosis. For these, models that excluded rainfall as a covariate and presented high pseudo t-values in local parameter estimates were examined. Two models were selected for assessment (Figure 7) . Although the AICc of these models increased in comparison to the values for the GWPR models described above, it was considered important to present their strong local variations related to leptospirosis. In Figure 7a , the local standard odds ratio for imperfect/ impeded drainage soil is presented for a model which included this covariate and the topographic wetness index (model 4 in Table 3 ). In contrast to Figure 5b , in the north side of the island, is showed a strong positive relationship between the percentage coverage of imperfect/ impeded drainage soil and leptospirosis occurrence, as indicated by the odds ratios above 1.0. The high pseudo t-values presented in the north indicate that this relationship may be significant. While the odds ratio in the south remains below 1.0, indicating a negative relationship, the pseudo t-values indicate that in this area this relationship remains weak. A similar situation occurred with the model presented in Figure 7b , for which the odds ratio for the topographic wetness index calculated in this model presented a positive and strong relationship, particularly towards the south. This is corroborated by the pseudo t-values which are high particularly in the central south region and remain high in most regions except the north east. In addition, the spatial variability in parameter estimates appeared to increase, leading to a (a) (b) Figure 7 Model parameter estimates excluding rainfall (model 4, reduced optimal bandwidth of 18.4 km and indicating an increase in the importance of local relationships over global.
As described above, soil with imperfect/impeded drainage was not significant when rainfall was included as a covariate in the model, but once rainfall was removed from the model, the relationship in the north became locally significant. From this, we infer that soil with imperfect/impeded drainage may be a relevant factor for leptospirosis occurrence. Although the models showed that rainfall is clearly important to the occurrence of leptospirosis, when this covariate was not included in further models, the underlying relationships between other covariates and leptospirosis became clearer. In the statistical model, it appears that rainfall dominates the other, more localized effects of other hydrological covariates such as soil drainage and topographic wetness index, indicated by the reduction in the bandwidth observed when it was excluded and the increases in pseudo t-values. Soil drainage and wetness index are clearly local conditions which make the disease appear to be stronger in some communities. Using GWPR we were able to explore the spatial heterogeneity of human leptospirosis and its underlying related hydrological factors. This would not be possible using only global models, which do not account for this variability. In addition, global models which spatially average are contrary to the common purpose of disease studies which aim to identify important local clusters of disease occurrence (Fotheringham et al. 2002) .
The results shown in the kernel map and predicted cases (Figures 3c and 6 ) presented a common pattern of expected and predicted leptospirosis risk for the north east of Trinidad, more specifically, for Sangre Grande and the surrounding communities. Parameter estimates for hydrological covariates such imperfect/impeded soil drainage and wetness index reveal interesting patterns towards the northern part of Trinidad ( Figure 6 ). These results may suggest the existence of an important cluster of leptospirosis related to the local hydrology of this area which requires further and more detailed analysis. The findings regarding a possible cluster in the Sangre Grande surrounding area, a predominantly agricultural region, may also suggest that leptospirosis in Trinidad could be related to rural areas.
Although hydrologic factors are clearly influencing human leptospirosis in Trinidad, we must acknowledge the importance of other aspects such as socio-economic, demographic and additional environmental indicators and it is possible that these other factors may be confounders for the observed relationships, something which requires further investigation. The ecology of leptospirosis is highly complex and, in the attempt to contribute to its explanation in the Caribbean region, in this paper we only explored one important facet of it. In future work, the interaction among multiple types of covariates and their influence on human leptospirosis should be explored. To date, no similar modeling studies have been developed in the country.
Conclusions
Kernel mapping analysis allowed us to reveal the existence of geographical patterns of leptospirosis across Trinidad, where low rates (below 1) were found in the south-west communities and high rates (above 1) occurred in the north-east. The highest leptospirosis incidence was found in the rural area of the Regional Corparation of Sangre Grande, including the communities Guaico, Valencia, Oropuche, Cumuto, Turure, Wallerfield and Arima. To support these findings, pseudo t-values (Figure 3c ) indicated that this pattern may be statistically significant, particularly in the north-east.
For the global analysis using GPR, rainfall (RAINMEAN) and the topographic wetness index (WETINDEX) were both found to be statistically significant (|t| > 1.96) at the 95% confidence level), with t values of 5.8 and 6.2, respectively. However, since this was a global model, it did not help to understand if spatial variability exists in the relationship of leptospirosis and hydrological factors. Improvement of the local (GWPR) over the global (GPR) models results, indicated by AICc and percentage of deviance explained, suggests that GWPR models explained better the relationship between hydrological factors and leptospirosis. In practice, if the difference between AICc values of two models is less or equal to two, there is no significant difference in the performance of them (Cheng et al. 2011) . In this way, the existence of spatial heterogeneity in the relationship was also demonstrated. The model which included rainfall, topographic wetness index and the percentage of soil with imperfect/ impeded drainage was selected as best fitting the observed data, from which we conclude that these three factors are to some extent important for leptospirosis throughout Trinidad communities. Odds ratio and pseudo t-values of these parameter estimates also demonstrated spatial heterogeneity across the island.
Stronger underlying local relationships were also revealed when rainfall was excluded from the model. Throughout the exploration of the data an interesting human leptospirosis cluster was found. Thus, GWPR was also used as a spatial analysis technique to reveal important underlying geographical patterns in the association of human leptospirosis with local hydrological dynamics (Nakaya et al. 2005) .
Based on the accuracy of predictions obtained from the analysis of observed cases in each community (Ô i ) and the residuals O i −Ô i À Á we can conclude that GWPR is useful as an exploratory tool for the identification of areas at risk as well as for the study of the risk of misdiagnosed, under reported, or neglected disease with a high environmental component, such as leptospirosis. While we acknowledge the multifactorial causes of leptospirosis, here we have used GWPR to indicate the important influence of local hydrological dynamics on human leptospirosis in Trinidad. However, it is important to note that ecological studies such as this one are not able to assign causation and, as such, more research is required to investigate the covariates identified as they relate to leptospirosis (e.g. using a case-control study). Additionally, seasonality in relationships should be assessed at a localized level. In this study it was not possible since insufficient data were available to allow the level of disaggregation required.
We hope that the research presented in this paper provides useful guidance for the development of more detailed studies. We took a multidisciplinary, integrated approach to the study of a disease of public health importance, strongly related to the environment. In order to find appropriate solutions to these issues, future research should consider a holistic approach for their study, looking at diseases associated with the environment as multifactorial problems rather than in isolation.
